The preparation of a cholesterol amperometric biosensor using a platinized Pt electrode as a support for the electropolymerization of a polypyrrole film, in which cholesterol oxidase and ferrocene monocarboxylic acid (electrontransfer mediator) were co-entrapped, is described.
Introduction
The determination of cholesterol in blood serum is an important parameter for the diagnosis and prevention of several heart diseases, cerebral thrombosis and arteriosclerosis. [1] [2] [3] Various cholesterol biosensors have been described over the past years, and among them amperometric biosensors appear to be the most promising alternative. However, the design and the study of new amperometric biosensors for its determination have received little attention, especially if compared to other compounds of clinical interest such as glucose. [4] [5] [6] [7] [8] [9] The main challenge when it comes to designing a cholesterol biosensor is finding a measurement system with a long operational lifetime. Other important parameters to take into account are sensitivity, sample throughput and the cost when enzymes are used as bio-recognizing agents for its preparation. Of the different cholesterol biosensor configurations described the most noteworthy are those which make use of chargetransfer mediators, 10, 11 bi-enzymatic system [11] [12] [13] and the design of multilayer structures. 14, 15 A previous paper showed that using electrochemicallyplatinized Pt electrodes as the support matrix for the electrosynthesis of polypyrrole enzymatic films (PPy) has advantages over the use of unplatinized Pt electrodes. 10 Greater sensitivity is achieved with this procedure, due to the increase in the effective area of the electrode and the electrocatalytic efficiency of platinized surfaces for the electrochemical oxidation of the hydrogen peroxide enzymatically generated. Platinized biosensors display more stability as far as lifetime and the number of substrate determinations carried out is concerned. This increase in stability may stem from the fact that the tri-dimensional porous platinized layer provides a more favorable environment for enzyme immobilisation, preventing deactivation and desorption. 16 However, the platinized layer is electrocatalytically active not only towards the oxidation of the hydrogen peroxide but towards the oxidation of any other electroactive species present, which has a negative effect on selectivity compared with that of other previously-reported biosensors. 10 The alternative proposed in the present paper for improving the selectivity of the platinized biosensor consists of simultaneously entrapping the enzyme and a charge-transfer mediator during the electrochemical synthesis of the PPy layer in order to decrease the overpotential for the measurement of the current due to the re-oxidation of the mediator. Furthermore, the presence of the microporous platinized layer should favor the stable retention of the mediator in the polymer layer, since mediated biosensors often suffer from mediator leakage, which results in poor long-term stability.
All the biosensor preparation steps were performed in the same flow system in which the flow-injection determination of cholesterol was later carried out, as has been described in previous papers. 14, 15 This procedure affords a saving of reagents and provides good reproducibility of the preparation process as well as permitting a strict control of the analytical properties of the resulting biosensor. 10, 17 The regeneration of the active site of the enzyme is mainly produced by the entrapped chargetransfer mediator in a competitive manner with oxygen, and the determination of cholesterol is based on the measured current of the reoxidation of the mediator molecules, which is carried out in the tri-dimensional porous structure of the platinized layer over the electrode surface.
Experimental

Apparatus
The preparation of the biosensors and the amperometric determination were performed with an ESA Coulochem II amperometric detector and a BAS thin-layer detection cell consisting of a plastic block with two Pt disk working electrodes (3 mm diameter), an auxiliary stainless-steel electrode and an Ag/AgCl (3 M NaCl) reference electrode. The volume of the thin-layer cell is given by the thickness of the PTFE gaskets intercalated between the auxiliary block and the working electrode. A cell volume of 175 µl was used for the preparation of the biosensors (platinization and electropolymerization) and a volume of 20 µl for the cholesterol amperometric determination. The flow system was completed with a Gilson Minipuls 3 peristaltic pump and a Rheodyne 7125 injection valve (20 µl sample loop).
Reagents
Cholesterol, cholesterol oxidase (COx, E.C. 1.1.3.6. from Pseudomonas fluorescens, 4.8 units/mg) and ferrocenemonocarboxylic acid (FcMC) were purchased from Sigma. Pyrrole and hydrogen hexachloroplatinate(IV) were supplied by Aldrich. Pyrrole was vacuum distilled and stored in a nitrogen atmosphere. Cholesterol solutions were prepared in phosphate buffer (0.05 M, pH 7.0) containing 1% (w/v) Triton X-100 and this solution was also used as carrier in the flowinjection determination of the substrate at a flow rate of 0.15 ml min -1 . All other reagents used were of analytical grade.
Biosensor preparation
Electrochemical platinization of the Pt electrode surface prior to PPy electrosynthesis was carried out in the detection cell using a continuous flow of a 2 mM deaerated solution of hydrogen hexachloroplatinate(IV) in 0.1 M KCl circulated at a flow rate of 0.08 ml min -1 . A potential of -0.250 V vs. Ag/AgCl was applied for 10 min and a stream of 0.1 M KCl was used to wash the flow system. Electropolymerization of pyrrole was then performed using a continuous flow of a solution composed of 0.4 M pyrrole, 10 U ml -1 COx and 5 × 10 -4 M FcMC in a deaerated 0.05 M saline phosphate buffer solution (pH 7.0; 0.05 M + 0.1 M KCl) circulated at a flow rate of 0.07 ml min -1 . A constant potential of +0.850 V vs. Ag/AgCl was applied until a final optimum thickness was reached, controlled via the total charge involved during film growth. An optimum density value of the charge deposited of 15 mC cm -2 was selected, considering the electrode geometric surface as the area. Consequently, this value may differ from the effective real value resulting from the platinization of the surface, 18 but will provide the best results as far as the sensitivity of the resulting biosensor is concerned. The total preparation time of the biosensor was 10 min for the platinization and 45 -60 s for the electrochemical polymerization and immobilization. After preparation of the biosensor, the PPy layer was electrochemically overoxidized in a long-term electrolysis process by applying a constant potential of +0.700 V vs. Ag/AgCl in a flow of the same buffer used as carrier solution in the determination of cholesterol (phosphate buffer with Triton X-100), until the background current levelled off at a constant value lower than 10 nA. Experiments of the overoxidation process at +0.700 V were also made by using phosphate buffer without surfactant as carrier solution, 21 and no differences were observed in the resulting biosensor selectivity.
Cholesterol determination procedure
The amperometric determination of cholesterol was performed at +0.375 V, a potential corresponding to the electrochemical reoxidation on the platinized layer of the mediator molecules entrapped in the PPy film. When not in use, the biosensors were stored in phosphate buffer (pH 7.0; 0.05 M) at 4˚C. The current obtained was found to be limited by the enzymatic reaction, and not by the mediator and substrate supply to the enzyme, as explained below.
Results and Discussion
The schematic configuration of the biosensors quoted in this study is given in Fig. 1 and the biosensors are referred to as follows: Pt/PPy-COx for the basic enzymatic biosensor, Pt/PPyCOx + FcMC for the unplatinized biosensor with ferrocene coentrapped, Pt/Pt/PPy-COx for the platinized biosensor and Pt/Pt/PPy-COx + FcMC for the mediated-platinized biosensor described in the present paper.
As mentioned in a previous paper, 10 initial platinization of the electrode surface is preferred to the incorporation of Pt particles during or after the formation of the polymeric layer because the layers resulting from the latter processes have lower porosity, which has an adverse effect on substrate diffusion inside the polymer. The platinized network generated over the electrode also improves the adhesion of the subsequent electropolymerized film.
Ferrocene oxidation takes place at the PPy electrosynthesis potential of +0.850 V, but previous assays estimated that its contribution to the total charge involved in the time of the electropolymerization process is almost negligible, less than 4%.
Measurement conditions: working potential
The hydrodynamic current-potential profile at the Pt/Pt/PPyCOx + FcMC biosensor in a 0.2 mM cholesterol solution was very similar to that described for the unplatinized biosensor Pt/PPy-COx + FcMC, 10 with only slight competition between the charge-transfer mediator and the oxygen for oxidation of the prosthetic group FAD of the COx molecules, as shown in Fig. 2 in the presence or absence (removed by bubbling nitrogen) of oxygen in the solution. The biosensor current increases with an applied potential to a value of +0.375 V, after which the signal remained practically constant or very slightly increased. A small decrease in the potential required for the reoxidation of the charge-transfer mediator was produced in comparison to the value determined for the Pt/PPy-COx + FcMC (+0.400 V)
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ANALYTICAL SCIENCES MAY 2002, VOL. 18 biosensor, 10 which is due to the electrocatalytic properties of the platinized layer. Even though the working potential of +0.4 V enabled the conducting oxidized state of the polymer to be maintained, the PPy film was previously submitted to an overoxidation process at +0.700 V in order to improve the selectivity of the biosensor towards interfering anionic electroactive species.
Dynamic characteristics of the biosensor response
One of the main disadvantages of using a charge-transfer mediator entrapped in the PPy film is that the signals obtained have long response times (t95) and long return times to the base line current, which means that sample throughput with the Pt/PPy-COx + FcMC biosensor was very low, fewer than 20 samples per hour. However, with the platinized Pt/Pt/PPy-COx biosensor, at the same flow rate (0.15 ml min -1 ), a faster charge transfer achieves much higher sample throughput, nearly 100 samples per hour.
The amperometric peaks obtained with the different biosensors after injection of a 0.2 mM cholesterol solution in the optimum measurement conditions established for each one are gathered in Fig. 3 . It can be seen that the signal profiles generated by the two platinized biosensors are similar, the peak height being higher for the signal recorded with the Pt/Pt/PPyCOx + FcMC biosensor. The difference between the two mediated biosensors can also be appreciated (cases (c) and (d), Fig. 3 ). The platinized layer allows the mediator molecules to be reoxidized on the Pt aggregates uniformly distributed over the Pt electrode surface and their diffusion to the surface is enhanced, the width of the amperometric peaks being thereby reduced.
The signal profiles of the Pt/Pt/PPy-COx + FcMC biosensor have response times and peak widths similar to those of unmediated biosensors and, in all cases, much lower than the values obtained with the unplatinized biosensor Pt/PPy-COx + FcMC (see also Table 1 ). Pt/Pt/PPy-COx biosensor as the level of base line noise decreases considerably, but greater irreproducibility was again detected in the first hours of measurement, as occurred with the unmediated Pt/Pt/PPy-COx platinized biosensor. This is due to the re-distribution of the enzyme molecules and mediator molecules, in this case on the porous base of the platinized electrode surface when the polymer network swells. In the same way, there is a rapid decrease in the activity of the platinized layer in the initial stage. After that it reaches a stable level of lower current due to the formation of an oxide layer, resulting in stabilization of the response. 19 The platinization of the electrode surface combined with the simultaneous entrapment of a charge-transfer mediator in the PPy film leads to an increase in sensitivity compared to the unplatinized biosensors, which is particularly noticeable with respect to the Pt/PPy-COx biosensor. The mediator act as an electron acceptor of the reduced prosthetic groups of the COx molecules, regenerating the active site of the reduced enzyme, and then the presence of the platinized layer provides an electrocatalytic increase in the oxidation efficiency of the mediator and an increase in the effective surface of the electrode, which produced an improvement of the sensitivity.
Analytical properties
The coefficient value α was used for measuring the degree of deviation of the biosensor corresponding to the behavior of an ideal enzymatic system governed by Michaelis-Menten kinetics, according to the Hill equation: 22 (1) An α value of 0.96 was calculated for the Pt/Pt/PPy-COx + FcMC biosensor indicating a slight deviation and a limitation of the current produced by the enzymatic catalysis reaction, unlike the Pt/PPy-COx + FcMC (α = 1.30) biosensor where the diffusion rate of the mediator molecules towards the Pt electrode surface was the limiting step. It was shown that not only does the platinized layer improve the transfer of charge, but also the molecular mass transferring of the mediator towards the electrode surface improves it, since it takes place on the porous structure of the platinized layer, between which polymer growth and the resulting entrapment of the enzyme and mediator molecules is produced.
Selectivity
The presence of the platinized layer over the electrode surface catalyzes the electrochemical oxidation of any electroactive species present in the sample, which means that molecules like ascorbic acid and uric acid produce greater electrochemical interference, as was observed in the poor selectivity of the Pt/Pt/PPy-COx biosensor. 10 The film permeation factor was used for the evaluation of the selectivity of the sensors. It is defined as the ratio of the signal recorded by the biosensor and the signal recorded by a bare Pt electrode arranged in parallel under the same experimental conditions. 20 A study was made to determine whether the combination of the platinized PPy layer with simultaneous enzyme entrapment and a mediator in the PPy layer permitted reduction of the film permeation factors P for the previously-mentioned electroactive species with respect to a Pt/Pt/PPy-COx biosensor. The inclusion of a charge-transfer mediator proved to be a more effective alternative for the reduction of the film permeation factors of these interfering species, owing to a lower potential being applied to the electrode. Also, the overoxidation of the PPy layer leads to the introduction of carbonyl and carboxylic groups in the PPy network, and hence the charge-exclusion of anionic species and the enhancement of biosensor selectivity. 21 The film permeation factor values P were calculated for a 5 × 10 -5 M ascorbic acid and a 5 × 10 -4 M uric acid solution with the Pt/Pt/PPy-COx + FcMC biosensor. They are given in Fig. 4 and are compared with those for the Pt/PPy-COx, Pt/Pt/PPy-COx and Pt/PPy-COx + FcMC biosensors, all of them under their optimum potential used for the determination of cholesterol. It was found that immobilization of the charge-transfer mediator in the platinized biosensor reduces the P values for the two species considered and values even lower than those determined for the Pt/PPy-COx biosensor were obtained.
A synthetic serum without cholesterol was prepared with a composition of the most frequent endogenous electroactive species which are present (ascorbic acid, uric acid and cysteine) at concentrations corresponding to the normal values for healthy individuals. 23 In Fig. 5 a flow injection signal of 0.2 mM cholesterol (A) is shown and in the same figure the amperometric response of the undiluted synthetic serum (B) is presented. The relationship between the peak maximum currents (cholesterol bias) was 200:1.
Biosensor lifetime
It was found that the progressive loss of the mediator 540 ANALYTICAL SCIENCES MAY 2002, VOL. 18 molecules entrapped in the PPy film had a negative effect on the stability of a mediated Pt/PPy-COx + FcMC biosensor with a gradual decrease in the response of the biosensor within operational lifetime.
10 Figure 6 shows the measured current with the Pt/Pt/PPy-COx + FcMC biosensor in function of lifetime for a 0.2 mM cholesterol solution, together with the curves corresponding to the Pt/PPy-COx and Pt/Pt/PPy-COx biosensors for the same cholesterol concentration, obtained in the optimum working conditions established for each case. Each point represents the daily mean value obtained for n = 10 successive determinations of this substrate solution performed at hourly intervals during 6 h each day. Between successive runs the biosensors were stored in a phosphate buffer (pH 7.0; 0.05 M) at 4˚C.
The biosensor behavior was similar to that previously reported for the other cholesterol biosensors 10, 17 with an increase in signal in the first hours of first using higher than that recorded with the other biosensors. This was due to the reorganization of the mediator molecules and enzyme molecules not only in the polymer network but in the porous structure of the platinized layer. As occurred with the Pt/PPy-COx + FcMC biosensor, a progressive loss of response was detected with the corresponding mediated platinized biosensor but was less marked and a time interval was even found between the third and ninth day of the biosensor lifetime during which the current variation measurement was very low. The loss of signal was basically due to lifetime and not due to the number of determinations carried out, which shows that the decrease in signal is caused by the gradual loss of mediator molecules in the PPy layer, also produced during storage. The less pronounced signal loss observed could be attributed to the platinized layer, a tridimensional porous structure in which the electropolymerized PPy film is located, which would slow down the loss of chargetransfer mediator molecules towards the outside of the polymer. As occurred with the Pt/PPy-COx + FcMC biosensor, the determination of cholesterol in the presence of a carrier solution containing dissolved FcMC after the tenth day of lifetime produced signals of the same sensitivity as that of the stable response period, indicating that the signal loss is not affected by the activity of the immobilized enzyme.
Conclusions
Entrapment of a charge-transfer mediator permits improvement in the selectivity and sensitivity of the Pt/Pt/PPy-COx cholesterol biosensor without significant modification of the dynamic characteristics of the generated response or reduction of sample throughput. These two analytical parameters are considerably improved if compared with the unplatinized mediated-biosensor. The behavior of the enzymatic system formed by the Pt/Pt/PPy-COx + FcMC biosensor is governed by Michaelis-Menten kinetics and so the enzymatic reaction of the oxidation of the substrate catalysed by COx is the limiting step of the process. The biosensor exhibits a period of stable sensitivity of ten days since its initial operation, and the determination of cholesterol up to a concentration of 0.3 mM can be succesfully carried out by the standard-addition method.
